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INTRODUCTION 
The acousto-optic interaction affords a convenient way of optically probing ultrasonic 
waves in medical diagnosis and nondestructive evaluation. The effects of ultrasonic waves 
on the light transmitting through transparent media arise from the refractive index variations 
produced by ultrasonic waves. The index variations may be detected by optical deflection, 
diffraction or interference methods [1-4]. In Raman-Nath regime, the acoustic waves act as a 
moving phase grating and diffract the light into different orders. Schlieren visualisation 
derived from this mechanism has been extensively used to ultrasonic measurements in 
liquids. In solid media, the acousto-optic effects become more complicated because of the 
induced optical birefringence. The usual photoelastic method consists in detecting the change 
in the polarization state of the light caused by ultrasonic waves [5]. Both of the methods are 
only amplitude-sensitive to ultrasonic waves. 
In this paper, we describe a laser interferometric method which has been recently 
developed for measuring ultrasonic pressure or dilatation fields inside transparent media [6-
8]. This method, which combines the acousto-optic effect with heterodyne interferometry, 
measures the phase shift of a laser beam passing through an ultrasonic field. The media 
under question can be gaseous, liquid as well as solid. The main advantage of the 
interferometric method over classical Schlieren and photoelastic techniques is its sensitivity to 
not only the amplitude but also the phase of acoustic signals. By a spectral analysis of 
signals, we also show the possibility to detect the ultrasonic distortion of finite-amplitude 
waves by the interferometric method [9]. 
SMALL-AMPLITUDE ULTRASONIC MEASUREMENTS 
Bulk: Waves in fluid media 
The principle of the heterodyne interferomeuic method for pressure or dilatation 
measurements is illustrated by the schematic diagram of Fig. 1. A light coming from a laser 
source is split into reference beam and probe one by a splitter (BS 1). The reference beam (r), 
after successively reflected by MI and BS2, is focused to a photodetector. The probe beam 
(s), shifted in frequency by a Bragg cell, passes through normally the ulU'asonic beam, 
before falling onto the photodetector. If the acousto-optic interaction satisfies the Raman-
Nath condition, the interference of the two beams gives rise to a photocunent as: 
I(x, t) = 10 + (10/2) cos (ffiBt + v(x,t) + <1>0) (1) 
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Figure 1 Diagram of the interferometric arrangement for pressure or dilatation measurement 
where 10 is the optical intensity of the laser and ¢o the phase difference between the reference 
and probe beam. The Raman-Nath parameter v is defined by, v = 21t(Ml)LIAL, AL being the 
optival wavelength, L the width of ultrasonic field and Ml the change of index of refraction 
caused by ultrasonic waves. In fluid media, one has .in = Kp where 1C is the photoelastic 
coefficient and p the ultrasonic pressure. Assume a plane sinusoidal acoustic wave 
propagating along the x axis, p = Po sin (rot - kx). The associated parameter is v = vo sin (rot 
- kx) where vo = 21tKpoL/AL. Writing the exponential functions in terms of the Bessel 
functions leads to the variation of the photocurrent as follows: 
~ 
i(x,t) = (10/2) LIn (vo ) cos [(roB + nro)t - nkx + <1>0] 
n:::::: - 00 (2) 
Thus in the frequency domain, the photocurrent contains a central component at roB and 
symmetrical sideband components at roB ± nro with amplitudes determined by Bessel 
functions In(vo). Therefore, the ultrasonic effects can thus be described either as a phase 
modulation of the probe light in the time domain (Eq. 1) or the generation of sidebands 
(Doppler shift) in the frequency domain (Eq. 2). In low power ultrasonic pressure 
measurement, the Raman-Nath parameter v is small, only the central component roB and the 
two sidebands roB ± ro are significant. The ratio of amplitude between the central component 
and its sidebands 11/10'" val2 gives the value of v, and the ultrasonic pressure p can then be 
deduced quantitatively. For a width of ultrasonic wave L = 10 mm and a laser He-Ne, the 
detection sensitivity of ultrasonic pressure is 5Pa/m V in water and O.4Pa/m V in air. With the 
help of a broadband electronic processing (lOkHz-30MHz) similar to that used for 
displacement measurements [10,11], time waveforms of ultrasonic pulses can be 
reconstructed linearly at the output by a phase demodulation. Fig. 2 illustrates typical 
pressure waveform measured in fluid media. The measured pressure signal in air, emitted by 
an immersion transducer (without impedance matching), demonstrates well the good 
sensitivity of the interferometric detection. 
Contrary to the conventional Raman-Nath diffraction methods, the width of the probe 
light beam in the present interferometric method is made small as compared with acoustic 
wavelength. In fact, the temporal and spatial resolutions of this interferometric method is 
limited by the finite size of the light beam. When the light beam becomes comparable to or 
greater than the ultrasonic wavelength, the signal at the output of the photodetector shall be 
integrated over the whole beam area 0. Assume that a gaussian light beam: E(r)= Eo exp[-
4(r/D)2] travels along the z direction and intersects a plane ultrasonic wave at a distance xo 
from the u'ansducer (Fig. 1) where D is the beam diameter and r2 = x'2 + y'2, the signal at 
the photodetector level is obtained as follows [6,9]: 
s(xo, t)= f~OOdX'f:i(X"Y',t)dY' 
2 2 
= (1<12) L[(D1t) 18] • exp[ -(nkD) 132] .1 11 (vo) cos [(roB + nro)t - nkxo + <1>0] 
n (3) 
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Figure 2 Measured pressure waveforms in water and air, emitted by a 2-MHz transducer. 
When the optical beam width D is small enough compared with the acoustic wavelength, the 
term exp[-(nkD)2/32] due to the filtering effect is negligible. Eq. (3) can then be reduced to 
Eq. 2 with x = xo, as expected. The filtering effects of the fmite light beam are particularly 
serious for high frequency, as will be seen below in finite-amplitude wave measurements 
where high harmonics have to be considered. 
Bulk and Guided Waves in Solid Media 
In solid media, the acousto-optic effects become more complex because of the optical 
birefringence induced by elastic waves. Fig. 3 illustrates the interaction of light with a guided 
acoustic wave propagating in an isotropic solid. The light travels in the z direction while the 
acoustic wave in x direction. Due to the acoustic perturbations the solid medium becomes 
optically anisotropic. The resulting changes in the components of the dielectric tensor can be 
written as: 
(4) 
where EO is the dielectric constant of the initially isotropic solid, Pijkl (i, j k, 1 = 1, 2, 3) the 
photoelastic tensor and Ski the symmetric strain tensor. Here we deal only with guided 
waves whose displacements are located in the sagittal plane Oxy [8]. The strain tensor Ski 
associated with these waves has three non-zero components: Sll (= Sl), S22 (= S2) and S12 
(= 1/2S6). The variations of the dielectric tensor 8Eij in Eq. 1 can be expressed by a 
symmetric matrix with non-zero components 8Ell = 1002 (Pll Sl + P12 S2 ), 8En = 1002 (P12 
Sl + Pll S2 ), 81033 = 1002 P12 (Sl + S2 ), 81012 = - 1002 (Pll - P12 ) S6. Here Pmn is a 6x6 
photoelastic tensor written in terms of reduced subscripts. It may be noted that the acoustic 
strains transform the initial refractive index sphere into an ellipsoid, having its principal axes 
no longer parallel to the geometrical axes x and y because of the off-diagonal component 
liE12. Under these circumstances, the isotropic solid becomes optically biaxial. Polarized 
light passing through such a medium undergoes a phase shift as well as a polarization 
rotation. 
The propagation of the light across such a solid medium can be characterized by the 
Jones matlix Wo [8]. If the incident light is polarized in the x direction, E = Eo ex , the 
electric field vector of the emerging light beam is obtained in low power acoustic 
measurement: 
E' = Wo E '" Eo exp (-i<j» [ex -i(f/2) sin (2",) ey] (5) 
r being a measw·e of the acoustically induced optical birefringence: 
(6) 
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Figure 3 Schematic illustration of acousto-optic interaction with a guided acoustic wave. 
With the photoe1astic technique, one measures generally the transmission intensity of the 
optical component perpendicular to that of the incident one (here is the y-component). The 
optical transmission intensity is then, according to Eq. 5, proportional to r 2 and in tum to the 
acoustic intensity. This is the principal of the photoelastic technique [5]. It is noted from Eq. 
6 that the strain parameter measured by the photoelastic technique is rather complicated, 
neither pure dilatational nor pure shear. Using the interferometric method, one measures 
rather the mean phase shift exp( -i<1» than the polarization state change r. This mean absolute 
phase shift <1> of the light beam given as [8], 
(7) 
is related to pure dilatation L1 = Sl + S2, i.e. the relative volume change of solid material. 
This simple and significant measuring parameter is very similar to the situation of fluid media 
where concerned is the acoustic pressure p.1n Eq. 7, <1>0 = noroVc is the phase constant 
accumulated due to the finite optical thickness of the isotropic solid. Compared to the 
photoelastic technique, the interferometric method takes advantage of preserving not only the 
amplitude but also the phase of acoustic signals. 
Following are several applications of the interferometric method. Fig. 4 shows 
dilatation pulses of longitudinal waves measured inside plexiglas samples. The reflected 
dilatation pulses (R) change the waveforms according to the acoustic impedance jump at the 
interface. A 1t-phase shift was clearly observed at the interface Plexiglas/air (Fig. 4a), while 
no phase shift detected for the interface plexiglas/duralumin (Fig. 4) as could be expected. 
The phase sensitivity of the interferometric method is thus demonstrated. Fig. 5 presents 
dilatation waveforms of Rayleigh waves generated by a wedge transducer inside fused 
quartz. Dilatation fields explored by the interferometric method at different depths from the 
substrate surface, illustrates the confinement nature of a surface wave and are in good 
agreement with the theoretical curve (Fig. 6). Echoes of Rayleigh waves reflected from the 
substrate edge are also present (Fig. 5a). No phase change is investigated, as predicted [12]. 
Another application of the interferometric method concerns the Lamb wave detection. Fig. 7 
gives acoustic dilatations measured in 2-mm thick plate of fused quartz. Dilatation 
waveforms of Lamb modes So and Ao measured symmetrically at both sides (z = ± 0.7 mm) 
of the plate middle plane (z = 0) reveal a symmetric nature for the former and an 
antisymmetric one for the latter. The positions of the cursors (+), marked at given instants 
for the two cases, confirm well these characteristics which agree with the theoretical 
predictions [8]. We inform finally that the interferometric method were also used to 
investigate Stoneley-like interface waves. The velocities, attenuation and energy confined 
features of these waves have been studied [13]. 
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Figure 4 Longitudinal wave and its echo at the interface plexglas/air (a) and 
plexiglas/duralumin (b) 
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Figure 5 Dilatation waveforms of Raleigh waves measured at the surface of the substrate (a) 
and 0.5 mm away from the surface (b). 
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Figure 6 Dilatation decreasing of Rayleigh waves as function of normalized depth from the 
surface with the theoretical curve (solid line) and the experimental result (dashed line) . 
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Figure 7 Dilatation waveforms of Lamb waves So and Ao measured inside a 2-mm-thick 
plate of fused quartz. Measurements were made at both sides of the middle plan (z = 0), z "" 
0.7 mm (left) and z '" - 0.7 mm (right). 
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FINITE-AMPLITUDE ULTRASONIC MEASUREMENTS 
Finite-amplitude waves are referred to ultrasonic waves having sufficiently large 
amplitude so that the non-linear effects become appreciable. An initially sinusoidal ultrasonic 
wave distorts as it progresses through the medium. The waveform distortion increases both 
with the ultrasound intensity and with the distance from the acoustic source. In the frequency 
domain, the distortion of a sinusoidal waveform can be described as harmonics generation 
and the energy transfer from the fundamental to higher harmonics. Assuming a sinusoidal 
acoustic source p(O, t) = Po sin oot, located at x = 0, the acoustic wave generated in a 
dissipationless fluid can be described by (14, 15]: 
~ J m(rnx/l) . 
p(x,t) = 2po L (rnx/l) sm [m(wt - kx)] 
m=l (8) 
where the discontinuity distance is 1= 2po(co)3/[(B/A + 2) oopo], and BfA is the non-linear 
parameter of medium. Generally speaking, the higher are the ultrasonic intensity, frequence 
and propagation distance from the source, the more important is the ultrasonic distortion. 
Spectral Analysis of the Heterodyne Signal 
To investigate the propagation of finite-amplitude waves with the interferometric 
method, we will determine the induced phase modulation of the probe light. Considering Eq. 
8, the Raman-nath parameter is written: 
~ 
v(x,t) = L v m sin [m(wt - kx)] 
m= 1 (9) 
where Vm = 21tKpmL/A.L and Pm = 2po Jm(xm/l)f(mx/l) is the amplitude of m th harmonics. 
Substituting Eq. 9 into Eq. 1 and expressing the exponential function in terms of the Bessel 
functions, the photocurrent is given in a similar form as Eq. 2, but with 'I'n in the place of In 
[13, 9], 
L Jk,(vl)···Jkn(Vn)··· 
kn=-~ 
~ 2 3 L In-2k2-3k3(VO) J k2 (K2vO) J k/K3vO) 
(lO) 
with kl = n - 2k2 - 3k3 - ••• - nkn - •••. The last approximation is obtained for small amounts 
of distortion where only the generation of the second and third harmonics is taken into 
account. K2 and K3 are the corresponding coefficients which measure the magnitude of 
ultrasonic distortion caused by harmonics generation as functions of distance x and 
frequency f. In the case of a I-MHz and 20-mm wide ultrasonic wave travelling in water, for 
instance, K2 and K3 are evaluated as 2.3 lO-3, l.6 lO-5 for x = 2 cm, and 2.6 lO-2, 2.0 10-3 
for x = 22 cm, respectively [9]. 
Fig. 8 illustrates the spectra of s(xo, t) plotted in logarithm scale and calculated for vo 
= 7. The values of K2 and K3 were taken as those given above for x = 2 cm and x = 22 cm, 
respectively. At high ultrasonic intensity (vo = 7), a large number of sidebands are produced 
in the frequency spectrum. The envelope of the frequency spectrum turns to be asymmetrical 
with propagation distance from the source. The larger is the ultrasonic distortion 
(proportional to K2, K3), the more remarkable is the asymmetry, leaving more sidebands 
generated at the right of the central component. Such behaviour of the frequency spectrum is 
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Figure 8 Theoretical frequency spectra of an ultrasonic wave driven initially at f = 1 MHz and 
vo = 7. The values of K2 and K3 were taken as 2.3 10.5,2.6 10·2 (left) and 1.6 10.5,2.0 
10·3 (right), respectively. 
very similar to the evolution of spatial diffraction patterns [16]. In contrast to the previous 
work, mB ( = 70 MHz) illustrated here in Eq. (2) is the Bragg cell driving frequency instead 
of the optical frequency ffiL ( - 1014 Hz). Optical diffraction methods used previously in 
fmite-amplitude wave measurements, generally consisted in detecting, in the optical farfield, 
the spatial distri\:>utions l'Pnl2 of the diffracted orders averaged in time. Now using optical 
heterodyning enables us to detect l'Pnl, in the optical nearfield, as the amplitudes of 
acoustically generated sidebands (mB ± nm) in the frequency domain with a conventional 
spectral analyzer. In addition, the interferometric method needs one photodetector for only 
one measurement, so the ratio of signal-to-noise of the whole frequency spectrum will be 
improved (see the next section) in comparison with conventional optical diffraction patterns, 
which often require more than one photodetector or several measurements. 
Experimental Investigation 
Ultrasonic waves were generated in water by narrow band PZT transducers [9]. High 
ultrasonic intensities were obtained by using a power amplifier. For a transducer driven at a 
given frequency and intensity, ultrasonic pressures were detected by a heterodyne 
interferometer at different distances from the transducer. The proportionality between the 
driving electric voltage and the parameter vo was determined at weak pressure measurement. 
Typical spectra of ultrasonic pressures excited by a I-MHz and 20-mm-diameter transducer 
at an intensity about v = 7 are shown in Fig. 9. They were detected at x = 2 cm and x = 22 
cm, respectively. As predicted by theoretical calculation (Fig. 8, left), the envelope of the 
frequency spectrum obtained near the transducer, remain almost symmetrical (Fig. 9, left), 
keeping the same number of sidebands around the central component fB = 70 MHz. A 
significant asymmetry is however induced in the frequency spectrum (Fig. 9, right) at greater 
distance x = 22 cm where the ultrasonic distortion becomes more important. The fact that 
more sidebands were generated at right than at left of the central component agrees 
qualitatively with the theoretical prediction (Fig. 8, right). Besides, it is noted that a much 
larger number of sidebands has been detected with the present interferometric method than 
that obtained by the optical diffraction method, for finite but moderate acoustic amplitude 
[14, 16]. As mentioned in the previous section, this is due to the good ratio of signal-to-
noise provided by the present interferometric method. This advantage makes it possible to 
investigate the envelope evolution of the frequency spectrum even with a moderate acoustic 
amplitude. 
SUMMARY 
An optical interferomeuic method has been developed for measuring ulu'asonic 
pressure or dilatation fields inside u'ansparent gases, liquids as well as solids. An unified 
theoretical formalism is presented which illustrates the principles and differences of the 
conventional photoelastic technique and the present interferometric method. Over classical 
acousto-optic methods, the interferometric method takes advantage of being not only 
amplitude- but also phase-sensitive to acoustic signals. Experimental pressure waveforms of 
longitudinal waves in air, water and fused qmntz were illustrated, showing a good sensitivity 
of the interferometric method. Measurements of dilatation fields associated with Rayleigh 
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Figure 9 Experimental frequency spectra of ultrasonic waves emitted by I-MHz transducer, 
driven for an intensity about Vo = 7. The distances between the transducer and the optical 
probe are x = 2 cm (left) and x = 22 cm (right), respectively. 
and Lamb waves have also been presented. The results were in good agreement with the 
theoretical calculations. The original way for observing guided waves, offered by this 
interferometric method, may be very helpful for nondestructive evaluation. Moreover, this 
interferometric method has been employed to observe the propagation of finite-amplitude 
ultrasonic waves in water. Would rather exploit classically the spatial diffraction pattern, the 
interference photocurrent of laser beams was analyzed in the frequency domain. 
Asymmetrical envelope produced by non-linear ultrasonic distortion appeared clearly in the 
photocurrent spectrum. Experimental results obtained confmned qualitatively the theoretical 
analysis including the second and third harmonics. Compared with the conventional optical 
diffraction methods, the interferometric method offers a better signal-to-noise ratio in the 
frequency spectrum and provides a novel approach for material characterization based on 
non-linear effect study [17]. 
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